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I N T R O D U C T I O N  

Z e o l i t e s  c o n v e r t  m e t h a n o l  i n t o  h y d r o c a r b o n s .  The most i n t r i g u i n g  
problem c o n c e r n i n g  t h e  mechanism o f  t h e  c o n v e r s i o n  i s  t h e  way o f  
forming c a r b o n - c a r b o n  bonds from methanol .  Chang and S i l v e s t r i ( 1 )  
proposed  t h e  p a r t i c i p a t i o n  o f  c a r b e n o i d  s p e c i e s ,  which i s  assumed 
t o  be  produced  by  a c o n c e r t e d  a - e l i m i n a t i o n  mechanism, i n v o l v i n g  both  
a c i d i c  and b a s i c  s i t e s .  Kaeding and B u t t e r c 2 )  proposed  a mechanism 
i n v o l v i n g  t h e  r e a c t i o n  o f  a n  i n c i p i e n t  methyl  carbenium i o n  from 
p r o t o n a t e d  d i m e t h y l  e t h e r  ( o r  methanol )  and t h e  methyl  group of d i -  
methyl  e t h e r ,  a t  which a n e g a t i v e  c e n t e r  i s  c r e a t e d  by t h e  a i d  o f  an 
a n i o n i c  s i t e  on t h e  c a t a l y s t .  The a t t a c k  o f  methyl  carbenium i o n  I 

on t h e  C - H  bond o f  methyl  g r o u p  i s  more s t r e s s e d  i n  t h e  mechanism 
i n v o l v i n g  a p e n t a c o o r d i n a t e d  c a r b o n  c e n t e r ( 3 , 4 ) ,  a s  o r i g i n a l l y  p r o -  
posed i n  t h e  p o l y m e r i z a t i o n  o r  a l k y l a t i o n  o f  methane i n  s u p e r a c i d  
c h e m i s t r y ( 5 , 6 ) .  van d e r  Berg e t  a l .  ( 7 )  s u g g e s t e d  t h a t  t h e  S t e v e n s -  I 

t y p e  r e a r r a n g e m e n t  o f  t r i m e t h y l  oxonium ion  c o u l d  be t h e  f i r s t  s t e p  

proposed by Z a t o r s k i  and Krzyzanowsky(8) .  Apar t  from t h e  d e t a i l e d  
mechanism o f  t h e  C - C  bond f o r m a t i o n ,  t h e  r e a c t i o n  i s  s u g g e s t e d  t o  
have an  a u t o c a t a l y t i c  c h a r a c t e r ( 4 , 9 , 1 0 ) .  Here ,  t h e  o r i g i n  of  t h e  
a u t o c a t a l y t i c  phenomena and i t s  i m p l i c a t i o n  f o r  t h e  mechanism i s  
d i s c u s s e d ,  and t h e n  t h e  scheme o f  t h e  f i r s t  C - C  bond f o r m a t i o n  i s  
d i s c u s s e d  t o  c o n c l u d e  t h a t  "methyl  carbenium ion"  s p e c i e s  i s  t h e  
most p l a u s i b l e  i n t e r m e d i a t e .  

I 

o f  t h e  C - C  bond f o r m a t i o n .  The i n t e r m e d i a c y  o f  methyl  r a d i c a l  was I 

RESULTS AND nISCUSSION 

A u t o c a t a l y t i c  Phenomena 
The a u t o c a t a l y t i c  b e h a v i o r  o f  t h e  c o n v e r s i o n  was f i r s t  p o i n t e d  

o u t  by Chen and Reagan(9) ,  who n o t i c e d  t h a t  t h e  r a t e  o f  c o n v e r s i o n  
of methanol  was v e r y  s low a t  low c o n v e r s i o n  l e v e l s ,  b u t  i t  a c c e l e -  
r a t e d  r a p i d l y  a s  t h e  c o n c e n t r a t i o n  o f  hydrocarbons  i n c r e a s e d .  
Another  f e a t u r e  o f  t h e  a u t o c a t a l y s i s  i s  observed  i n  t h e  dependence 
of t h e  hydrocarbon y i e l d  on  t h e  r e a c t i o n  t e m p e r a t u r e ( l 0 ) .  Thus,  
t h e  a b r u p t  i n c r e a s e  o f  t h e  hydrocarbon y i e l d  i s  o b s e r v e d  i n  a s m a l l  
t e m p e r a t u r e  r a n g e ,  and t h e  t e m p e r a t u r e  of  t h e  jump depends  on t h e  
a c i d i t y  o f  ZSM-5 z e o l i t e .  
t e m p e r a t u r e  i s  o b s e r v e d  a l s o  f o r  t h e  c o n v e r s i o n  o v e r  f e r r i e r i t e .  

The a u t o c a t a l y s i s  was more c l e a r l y  v i s u a l i z e d  i n  t h e  r e a c t i o n  
under  l o w - p r e s s u r e  and l o w - t e m p e r a t u r e  c o n d i t i o n s ( 4 ) .  The r e a c t i o n  
was c a r r i e d  o u t  i n  a g a s - r e c i r c u l a t i o n  sys tem.  A t  492 K ,  o n l y  a 
small amount of h y d r o c a r b o n s  was formed f o r  t h e  f i r s t  8 h ,  though 
m o s t  o f  methanol  was c o n v e r t e d  i n t o  d i m e t h y l  e t h e r .  A f t e r  1 2  h ,  
t h e  hydrocarbon y i e l d  i n c r e a s e d  a b u r p t l y ,  r e a c h i n g  80 % a t  18  h .  
A t  h i g h e r  t e m p e r a t u r e s ,  t h e  r e a c t i o n  proceeded  i n  a s i m i l a r  f a s h i o n ,  
b u t  f a s t e r .  The i n d u c t i o n  p e r i o d  l a s t e d  f o r  4 - 5  and 1 . 5 - 2  h a t  
512 and 531 K ,  r e s p e c t i v e l y .  These  k i n e t i c  f e a t u r e s  i n d i c a t e  
c l e a r l y  t h e  a u t o c a t a l y t i c  n a t u r e  o f  t h e  c o n v e r s i o n .  

The jump of  t h e  hydrocarbon y i e l d  w i t h  
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In order to confirm that the reaction is autocatalytic, some of 
the reaction products were added to the starting methanol. The 
addition of ethylene o r  cis-2-butene (5 % of methanol in moles) de- 
creased the "induction period" to 2 h at 512 K. This is about half 
Of the period in the reaction with pure methanol. On the other 
hand, the addition of paraffins had no effect on the induction period. 
Therefore, it is concluded that the autocatalysis is caused by the 
reaction of methanol and olefins, which is much faster than the re- 
action to produce incipient olefins. Thus, as proposed by Chen and 
Reagen(9),the reaction can be divided into the following two steps. 

olefins (ethylene) CH30H kl . 
olefins (+ paraffins) k2 , olefins + CH30H 

The ratio of the rate constants (kl/kZ) for the two reactions was 
estimated as 7 x 10-4 and 1.1 x 10-3, respectively(4). 
change of the conversion with temperature, as observed in a flow 
system, may be caused at the temperature, at which the certain 
amount of olefins is accumulated in a reactor. As for the mechanism, 
one must consider the two steps separately. The second step, the 

methylation of olefins, for which Bronsted acid sites are responsible, 
as first pointed by Anderson et al.(ll). The scheme of the first 
step will be discussed below. 

Conversion of Methanol over Nafion-H and Heteropolyacids 
To obtain information on the sites responsible for the conver- 

sion, the reaction was carried out in a gas-recirculation system 
over the catalyst with preadsorbed pyridine. Prior to the reac- 
tion, the catalyst was exposed to pyridine vapor for 2 h at 473 K, 
and then evacuated at 512 K for 1 h. The only product observed 
was dimethyl ether and no hydrocarbons were produced in 47 h. The 
reaction over Na-ZSM-5 give a similar result. These facts indicates 
that the acid sites plays a decisive role in the formation of hydro- 
carbons. This implies that the reaction should proceed also over 

The abrupt 

\ 

1 propagation of the carbon-chain, plausibly involves the electrophilic 

7 

1 

I strongly acidic solid other than zeolites. 
Nafion-H, a perflorinated resin sulfonic acid, is known to have 

high catalytic activities for the alkylation of benzene with alcohols 
and the methylation of phenol with methanol, and is reported to be 
a solid superacid. The conversion of methanol over Nafion-H was 
examined with a closed-recirculation system(4). Methanol of  7.7 x 
l o 3  Pa was introduced over 1 g of Nafion-H at 512 K, and the gas- 
phase composition was analyzed at appropriate intervals. Dimethyl 
ether is the only product for the first 2 h, and after 2 h, the rate 
of hydrocarbon formation was accelerated with time, which is characte- 
ristic of an autocatalytic reaction. The fact that the features of 
the conversion over Nafion-H resembles those over ZSM-5 strongly 
indicates that Bronsted acid sites are active centers for the con- 
ver s ion. 

highly acidic solid, also had high activities for methanol conver- 
sion(l2). 

It was found that dodecatungstophosphoric acid ( H ~ P W ~ ~ O ~ O ) ,  a 
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I n t e r a c t i o n  o f  Methanol  w i t h  ZSM-5, I n f r a r e d  S tudy  

I n f r a r e d  s p e c t r o s c o p i c  s t u d y  r e v e a l e d  t h a t  methanol  (CD30H) 
r e a c t s  w i t h  t h e  a c i d i c  h y d r o x y l  group o f  ZSM-5 t o  form methoxyl  
group (CD30-) a t  423 K .  When t h e  z e o l i t e  which b e a r e d  CD3O- 
groups  was h e a t e d  a t  512 K ,  t h e  CD3 bands  c o m p l e t e l y  d i s a p p e a r e d  
a n d b a n d s  due t o  0-ll s t r e t c h i n R  a n n e a r e d , i n d i c a t i n g  t h a t  t h e  d e s o r p -  
t i o n  of  methoxyl  groups  i s  accompanied w i t h  t h e  c l e a v a g e  o f  C - D  
bonds.  The a n a l y s i s  o f  m o l e c u l e s  d e s o r b e d  from t h e  s u r f a c e  
r e v e a l e d  t h a t  t h e  d e c o m p o s i t i o n  o f  t h e  methoxyl  groups  l e a d s  t o  
t h e  f o r m a t i o n  o f  h y d r o c a r b o n s .  

i n d i c a t i n g  t h a t  t h e  s u r f a c e  methoxyl  groups  can be a s o u r c e  o f  
"methyl  carbenium i o n s " .  I n  o t h e r  words ,  t h e  "methoxyl groups"  
i n  ZSM-5 c o u l d  b e  more p r o p e r l y  comprehended a s  p a r t  o f  a methyl  
e s t e r  o f  t h e  z e o l i t i c  a c i d  t h a n  a s  p a r t  of  a m e t a l  a l k o x i d e ,  j u s t  
a s  a methyl  group i n  d i m e t h y l  s u l f a t e ,  a good m e t h y l a t i n g  a g e n t .  

S e l f c o n d e n s a t i o n  o f  Methyl  I o d i d e  o v e r  Ag3F12240  
I n  o r d e r  t o  a s c e r t a i n  t h e  r o l e  o f  methyl  carbenium i o n s  i n  t h e  

f o r m a t i o n  o f  c a r b o n - c a r b o n  bonds ,  t h e  a t t e m p t  t o  g e n e r a t e  them was 
made; methyl  i o d i d e  was r e a c t e d  w i t h  Ag3PW12040. Methyl  carbenium 
i o n s  were supposed t o  b e  g e n e r a t e d  a c c o r d i n g  t o  E q . ( l )  b e c a u s e  o f  
t h e  h i g h  tendency  o f  f o r m i n g  s i l v e r  i o d i d e ,  and t h e n  t o  a t t a c k  t h e  
carbon-hydrogen  bonds o f  r e m a i n i n g  methyl  i o d i d e .  

The r e a c t i o n  o f  t h e  methoxyl  group w i t h  benzene gave t o l u e n e ,  

3CH31 + Ag3PW12040L3CH; + [PW12040]3' + 3AgI (1)  

+CH; +Ag+ - H+ +CH; 

C H 3  I ' C 2 H 5 1  -AgI C2H;- 'ZH4 C3H; 
- H+ .. 

C3H6 
A 

The e x p e c t e d  o v e r a l l  r e a c t i o n  i s  summarized a s  

/ 

3CH31 + Ag3PW12040- 3AgI + H3PW12040 + hydrocarbons  
Exper iments  were c a r r i e d  o u t  a s  f o l l o w s .  The powder o f  Ag PWl20 0 
(0 .28 mmol) was r e a c t e d  w i t h  methyl  i o d i d e  v a p o r  (1 .80  mmolf a t  4?3 
o r  573 K i n  a c l o s e d - r e c i r c u l a t i o n  sys tem.  The r e s u l t s  a r e  g i v e n  
i n  T a b l e  1. The r e a c t i o n  was a l m o s t  f i n i s h e d  by t h e  t i m e  when t h e  
f i r s t  a n a l y s e s  were made, 1 5  and 5 min f o r  t h e  r e a c t i o n  a t  423 and 
573 K ,  r e s p e c t i v e l y ,  t h e  o n l y  minor  change i n  t h e  g a s - p h a s e  com- 
p o s i t i o n  b e i n g  o b s e r v e d  t h e r e a f t e r .  About 3 moles  o f  methyl  i o d i d e  
d i s a p p e a r e d  from t h e  g a s  p h a s e ,  a n d ,  a t  t h e  same t i m e ,  most o f  
carbon atoms from consumed methyl  i o d i d e  a p p e a r e d  a s  h y d r o c a r b o n s ,  
a s  was e x p e c t e d  from E q . ( 2 ) .  I t  s h o u l d  be  n o t e d  t h a t  methyl  i o d i d e  
does n o t  c o n v e r t  i n t o  hydrocarbons  o v e r  H3PW12040 o r  ZSM-5 even  a t  
573 K .  A t  573 K ,  t h e  d i s t r i b u t i o n  o f  t h e  hydrocarbon p r o d u c t s  of  
t h e  s t o i c h i o m e t r i c  r e a c t i o n  o f  CH3I and Ag3PW12040 a r e  v e r y  s i m i l a r  
t o  t h a t  o f  t h e  p r o d u c t s  i n  t h e  c a t a l y t i c  c o n v e r s i o n  o f  methanol  over  
Ag3PW12040 s u p p o r t e d  on a c t i v e  c a r b o n ,  i n d i c a t i n g  t h a t  t h e  mecha- 
nism o f  t h e  p r o p a g a t i o n  o f  t h e  c a r b o n - c a r b o n  c h a i n  i s  t h e  same i n  
t h e  two s y s t e m s .  

e s s e n t i a l  r o l e  i n  t h e  f o r m a t i o n  o f  c a r b o n - c a r b o n  bonds .  I t  i s  
worthy of n o t e  t h a t  hydrocarbon f o r m a t i o n  i s  f a s t  i n  t h e  CH3I- 
Ag3PW1204 sys tem even  a t  423 K .  A t  t h e  same t e m p e r a t u r e ,  methanol  
g i v e s  metfioxyl group o v e r  ZSM-5 and y i e l d s  d i m e t h y l  e t h e r ,  b u t  n o t  

The r e s u l t s  c l e a r l y  shows t h a t  methyl  carbenium i o n s  p l a y  an  

144 



T a b l e  1 R e a c t i o n  P r o d u c t s  o f  R e a c t i o n  o f  C H 3 I  and  Ag3PW12040 

Temperature/K 
R e a c t i o n  t ime/min 1 5  

C H 3 I  consumed/mmol(B) 0 .95  
B / A  3 .4  
Carbon atoms i n  
hydrocarbons/mmol (C) 
C / A  3 . 0  

D i s t r i b u t i o n  o f  Hydrocarbons 

Ag3PW1204~ used/mmol(A) 

0 .83  

* 

CH 4 0 
C Z H ,  0 . 1  
C 2 H 6  - 
C 3 H 6  0 . 3  
C 3 H a  0 
C 4 H e  1 1 . 9  
C 4 H 1 Q  33 .7  
c 5  2 3 . 2  
CK 8 . 2  
c7 1 8 . 2  
C S  4 . 3  

423 

0 .28  
30 

1 . 0 4  
3 .7  
0 . 7 5  
2 . 7  

0 . 2  
0 

0 . 7  
0 

1 7 . 3  
3 4 . 1  
23 .0  

9 . 9  
1 3 . 9  

0 . 9  

- 

573 
5 40 

0 . 2 8  
0 .80  1 . 2 2  
2 . 9  4 . 4  
0 .82  0 . 8 1  
2 . 9  2 .9  

6 . 3  5 . 9  
1 0 . 5  7 . 9  

2 1 . 2  1 0 . 8  
8 . 4  28 .3  

2 1 . 2  1 5 . 9  
1 2 . 5  1 7 . 8  
1 3 . 5  1 0 . 0  

6 . 3  3 . 3  
0 . 1  0 . 1  
0 

- - 

- 

* *  
573 

6 . 8  
1 6 . 6  

0 . 6  
1 8 . 7  

5 . 6  
33 .9  
1 0 . 6  

7 .2  

* D i s t r i b u t i o n s  were c a l c u l a t e d  on carbon-number b a s i s  e x c l u s i v e  of \ 
e t h a n e  used a s  an  i n t e r n a l  s t a n d a r d .  S e p a r a t e  e x p e r i m e n t s  r e v e a l -  
ed t h a t  e t h a n e  y i e l d  was n e g l i g i b l e  a t  423 K and  1.0 % a t  573 K .  

* *  Hydrocarbon d i s t r i b u t i o n  i n  methanol  c o n v e r s i o n  o v e r  AgsPWirOsa 
s u p p o r t e d  on a c t i v e - c a r b o n  u n d e r  t h e  c o n d i t i o n s  o f  W/F = 50 g h 
mol and methanol  p r e s s u r e  of 1 0  x 1 . 3  kPa. 

h y d r o c a r b o n s .  D i f f e r e n c e  i n  t h e  t e m p e r a t u r e  r e q u i r e d  f o r  C - C  bond 
f o r m a t i o n  i n  t h e  two s y s t e m s  i n d i c a t e s  t h a t  t h e  r e a c t i v i t y  o f  CH3 
moie ty  depends  on  t h e  c h e m i c a l  e n v i r o n m e n t ,  where CH3 moie ty  i s  
l o c a t e d .  The l e s s  r e a c t i v e  CH3 i n  methoxyl  g r o u p s  i n  ZSM-5 need  
h i g h e r  t e m p e r a t u r e  t o  b e  r e a c t i v e  enough t o  a t t a c k  on C - H  bonds ,  i n  
compar ison  w i t h  i n c i p i e n t  CH3' from by t h e  s t o i c h i o m e t i i c  r e a c t i o n .  
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